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ABSTRACT
Vemulakonda, Padma Prasuna. M.S.Egr., Department of Mechanical and Materials
Science Engineering, 2007.
Comparative Characterization of Superconducting Thin Films Fabricated by Different
Techniques.

The goal of this thesis is to compare the chemical and compositional profiles, grain
structure and critical current densities of

superconducting Yttrium Barium Copper

Oxide(Y1Ba2Cu3O7-x or YBCO) layers grown by different competing techniques on a
variety of substrates and buffer layers. The idea is to check if there can be variation of
cationic ratios, impurities, possible diffusion of substrate/buffer layer atoms into the
YBCO for different processing methods and microstructures. Pulsed Laser Deposition
(PLD), Metal Organic Deposition (MOD) and Metal Organic Chemical Vapor Deposition
(MOCVD) films on Ion Beam Assisted Deposited (IBAD)-textured buffer layers and,
Rolling Assisted Biaxial textured substrate (RABiTS) combinations have been compared.
X-ray Photoelectron Spectroscopy (XPS) has been used in conjunction with ion beam
sputtering as well as gentle chemical etching to obtain composition and chemistry
information at different depths into the film. Correlation with Secondary Ion Mass
Spectroscopy (SIMS) has been obtained as needed. Top view as well as cross section
Scanning Electron Microscope (SEM) was performed for microstructure analysis. Using
the gentle chemical etching method, depth profiling of composition and microstructure of
the films has been achieved. It is seen that variations in microstructure occur along the
depth of the superconducting layer even when the composition is uniform. The density
and the micro-structural uniformity vary significantly from one deposition technique to
other. The durability and stability of these films, microstructure, depth profiling have
iii

been compared and will be presented. This thesis provides important information on
variations of the YBCO films from one deposition technique to another.
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1. INTRODUCTION AND BACKGROUND

1.1 INTRODUCTION TO SUPERCONDUCTORS

1.1.1 DEFINITION OF SUPERCONDUCTOR
Superconductors have virtually no resistance to electric current, offering the possibility of
new electric power equipment with improved energy efficiency compared to today's
devices. Superconductivity is a phenomenon that occurs below a critical transition
temperature (Tc) below which the material is superconducting and above which it is
normal or non-superconducting. In the superconducting state, the material has no
electrical resistance, so it conducts electricity without losses. In the normal state the
material does have resistance, and the flow of electric current is accompanied by the
production of heat and the dissipation of energy. Superconductivity was first discovered
in Mercury below 4.2K in the year 1911 by a Dutch physicist, H.Kamerlingh-Onnes.1,2

For a material to be considered a superconductor, it has to exhibit two distinctive
properties:
1) Zero resistivity (ρ=0 for all T<Tc ) or infinite conductivity. When a
superconductor is cooled below Tc, the cloud of individual electrons that
characterizes the normal state transforms itself into a different type of fluid; a
quantum fluid of highly correlated pairs of electrons. Below Tc a conduction
electron of a given momentum and spin gets weakly coupled with another

1

electron of exactly the opposite momentum and spin. These pairs are called
Cooper Pairs and they all move in a single coherent motion. Once this collective,
highly coordinated, state of coherent ‘super-electrons’ (Cooper pairs3) is set into
motion, its flow is without any dissipation. There is no scattering of ‘individual’
pairs of the coherent fluid, and therefore no resistivity. However, if a current
higher than the critical current density Jc is passed, superconductivity disappears.
2) No Magnetic induction (B=0) inside the superconductor: The magnetic
inductance becomes zero inside the superconductor when the material is cooled
below Tc and the external magnetic field is below Hc (critical magnetic field) the
magnetic flux is expelled from the interior of the superconductor. This effect is
called the Meissner effect as shown in Figure 1.4

Figure 1. Expulsion of magnetic field at temperature below Tc- Meissner effect4

1.1.2 TYPES OF SUPERCONDUCTORS
Superconductors are classified into two types based on their Tc and magnetic properties:
(i) Type I Superconductors

2

They require extremely low temperatures for them to be superconducting. Also, type I
superconductors repel the magnetic field until their critical magnetic field (Hc) is reached.
Above Hc, the material goes back to the normal state. The type I superconductors have
been of limited practical usefulness because their critical magnetic fields and critical
temperatures are low.
Elements listed in Table 1 are called Type I superconductors.
Table 1 Superconducting Transition Temperatures for Type I Elements2

Element

Aluminum
Indium
Lead
Molybdenum
Osmium
Rhenium
Tantalum
Thallium
Tin
Tungsten
Zinc
Cadmium
Iridium
Mercury Niobium
Protactinium
Ruthenium
Technetium
Thorium
Titanium
Vanadium
Zirconium

Critical Temperature(K)
1.75
3.408
7.196
0.915
0.66
1.697
4.47
2.38
3.722
0.0154
0.85
0.517
0.113
4.154
9.25
1.4
0.49
7.8
1.38
0.4
5.4
0.61

(ii) Type II Superconductors
Type II superconductors have much higher critical magnetic fields and higher critical
temperatures than type I superconductors. They usually exist in a vortex state with
normal cores surrounded by superconducting region hence allowing some magnetic field
3

penetration. They can carry much higher current densities while remaining in the
superconducting state. Due to the above advantages Type II have greater practical
applications. Table 2 lists some of the Type II superconductors2.
Table 2 List of Type II superconductors2
Material
Nb3 Ti
V3Ga
V3Si
Nb3Sn

Transition
Temp(K)
8-10
14.5
17
17-18

Nb3Ge

21-24

YBa2Cu3O7-x

93

Tl2Ba2Ca2Cu3O10

127-128

This thesis will specifically focus on Yttrium Barium Copper Oxide (YBa2Cu3O7-x),
otherwise called YBCO.

1.1.3 YTTRIUM BARIUM COPPER OXIDE HIGH TEMPERATURE
SUPERCONDUCTORS (YBCO HTSC)
Superconducting transition (Tc) of 93 K was observed by Wu et al in YBa2Cu3O7-x which
was the first ceramic material to show superconductivity above the boiling temperature
(77k) of liquid nitrogen5. This moved the Curie temperatures of superconducting
materials from the range of liquid helium temperatures to those of liquid nitrogen
temperatures. The reduction in cooling requirements promised to greatly reduce the cost
of superconducting technology and widen its range of applications. The YBCO structure
is described as an oxygen-depleted layered pervoskite crystal. The 1-2-3 superconductors
form as layers of copper and oxygen atoms sandwiched between layers containing the
other elements in the compound. The copper and oxygen layers are made of planes of
atoms and by the chains of alternating copper and oxygen atoms. These layers containing
oxygen and copper atoms are important for the electrical properties of 1-2-3.
4

Nevertheless, there are three metallic elements in the compound. The lattice is composed
of so-called perovskite layers (ACuO3) where A is a rare-earth or alkaline-earth element
(e.g., Y or Ba in YBCO). The term 7−x in the chemical formula implies a slight
deficiency of oxygen. If x=0, the lattice is in the orthorhombic phase whereas in the case
of x=0.5, the material has a tetragonal structure. Only the orthorhombic configuration is
superconducting but it is stable only at temperatures below 500°C.6,7,8 Physical
parameters of YBCO9 are summarized in table 3.

Figure 2. Crystal structure of YBCO6
Table 3 Physical parameters of YBCO9

Parameter

Values

Transition Temperature
Crystal Lattice Parameters
Thermal Conductivity
Specific Heat Capacity

Tc=92K
a=3.82Ao, b=3.89Ao, c/3=3.89o
3.2X10-2Wcm-1K-1(at 300K)
0.39 J/g K

5

1.2 YBCO THIN FILMS AND THEIR APPLICATIONS
As mentioned in section 1.1.3,

the discovery of the cuprate high temperature

superconductor(HTSC) in 1986 marked the beginning of a new era not only in the
theoretical value in solid state physics in general, but also in the aspect of potential
applications in industry. Soon after the discovery, the quests for the practical applications
lead to the investigation on the current carrying capacity of this new material at the
boiling point of liquid nitrogen of 77K.
The first experiment on the sintered polycrystalline bulk YBCO samples was rather
disappointing, because the large angle grain boundaries severely limited supercurrent
flow especially in a magnetic field. With the knowledge that textured cuprate films can
carry high current density, the “second generation” HTSC materials become promising in
practical applications. The quick success on small single crystal substrates introduced the
idea of depositing HTSC film on a flexible inexpensive metal tape substrate with a proper
texture along the length. The cost consideration highlights the use of a metal tape
together which can be scale up for commercial applications10. Workers have been able to
fabricate YBCO wire by starting with a strip of textured nickel or other inexpensive
metals. The strip is coated with a layer of isolating material, and then a thin layer of
YBCO is added. Recent YBCO films having a critical current density in the ranges of (110) million amperes per square centimeter have also been reported 5,11,12.
Coming to the applications part, the surface resistance of high temperature
superconducting thin films such as YBCO/2G (Second Generation) is orders of
magnitude lower than that of normal metals in the microwave frequency region. This
makes these materials excellent candidates for device applications13,14. But YBCO is still
in developmental stages and is slowly ramping up for commercial applications. So far,
6

only BSCCO ((Bi,Pb)2Sr2Ca2Cu3O10) first-generation wires are a commercial product and
are manufactured for sale in large quantities in the US, Japan, and, to a more limited
extent, Europe.15 Second-generation (2G) wires have been under development worldwide since the mid-1990s16. YBCO wires have the following advantages over the BSSCO
wires
i.

YBCO tapes have greater critical current and critical current density than BSCCO
tapes.

ii.

Due to greatly thinner superconducting layer in YBCO compared to BSSCO, the
AC losses are lower in YBCO tape than in a BSCCO tape.

iii.

The price of an YBCO tape will be at least 5 fold less than a BSCCO tape because
an YBCO tape uses less costly components (such as silver) than a BSCCO tape.17

Important commercial applications include power transmission cables, fault current
limiters, transformers, generators and motors. The Air Force specifically has initiated
high temperature superconducting generator and magnet programs for airborne
applications due to their significantly lighter weight and more compact nature 18, 19,20 .
Recently, Department of Energy(DOE) has announced that second generation
superconducting wires made of YBCO have been demonstrated in 20 to >200 m lengths
with the YBCO deposited using vapor deposition or wet chemical processes in ultra-thin
layers onto textured, buffered metallic templates21. Another advantage of YBCO wire is
their intrinsic behavior in the presence of a strong magnetic field. Enhancements in flux
pinning of at least a factor of two have been demonstrated for Metal Organic Chemical
Vapor Deposition (MOCVD) and Metal Organic Deposition (MOD) deposited YBCO
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films. Considering all this, a HTSC power cable manufactured with YBCO tapes will
become the economical choice compared with conventional BSCCO HTS cables.

1.3 YBCO THIN FILM PROCESSING METHODS
Most key techniques in developing a thin film focus on three parts: substrate (as the
support), buffer layers (as a base for texture and for preventing interdiffusion), and
superconductor layer (current carrier). The most commonly used substrate/buffer layer
manufacturing techniques that showed best results are two types: Ion Beam Assisted
Deposition (IBAD) and Rolling Assisted Biaxially Textured Substrates (RABiTS) and
the most commonly used superconducting layer deposition techniques are three types:
Pulsed Laser Deposition (PLD), Metal Organic Deposition (MOD) and Metal Organic
Chemical Vapor Deposition (MOCVD). They have been discussed in detail because the
samples that have been worked on for this thesis were manufactured using these methods.

1.3.1 SUBSTRATES AND BUFFER LAYERS FOR YBCO THIN FILMS
Preparation of a substrate (often with a buffer layer over it) is an integral part of any film
deposition process. These provide the underlying foundation for the superconducting
wire. There should be a chemical compatibility between the two materials, i.e. the buffer
layers and high Tc film. The substrate and buffer layers must also be compatible with the
deposition processes and all subsequent processing and handling necessary for the use of
films. For all the specific film growth methods, the substrate must be nonreactive in the
oxygen rich ambient required for growth and processing. Thermal expansion match
between HTSC films, substrates and intermediate buffer layers is essential to provide
adequate film adhesion and to avoid film cracking during thermal cycling. Controlled
8

crystallographic orientation of the film with respect to the underlying layers is required
for the epitaxial growth of high Tc films. These are also required to have low dielectric
constant and low dielectric loss to fit into microwave device application. The
substrate/buffer layer thickness as well as the width of the coplanar lines should be
sufficiently less than the wavelength of microwave applications22. To carry high critical
current density (Jc), superconducting thin film must be well textured to minimize weak
links at high-angle grain boundaries in the film22.
Table 4 Ideal properties of a substrate22
S.No
1
2
3
4
5
6
7
8
9
10
11
12

Desired Property

Reason

Atomically smooth surface
Perfect flatness
No porosity

Provide film uniformity and enable epitaxy
Provide mask definition
Prevent excessive out gassing and improve film
microstructure
Mechanical strength
Prevent Film Stress
Thermal coefficient of expansion equal to that Minimize film stress
of deposited film
High thermal conductivity
Resistance to thermal shock

Prevent heating of circuit components
Prevent damage and cracking during processing

Thermal stability
Chemical stability
High electrical resistance
Low cost
Good lattice match

Permit heating during processing
Permit unlimited use of process reagents
Provide insulation of circuit components
Permit commercial application
Maximize crystalline perfection

Two well established texture generation methods used for YBCO films are known as the
RABiTS (rolling assisted biaxially textured substrate) and IBAD (ion beam assisted
deposition). These were developed to generate texture on surface of the buffer
layer/substrate so that it will be carried through superconducting film deposited above.
1.3.1.1 ROLLING ASSISTED BIAXIALLY TEXTURED SUBSTRATES (RABiTSTM)
RABiTS™ has developed by Oak Ridge Nation labs23. They reported that these
substrates enable the superconducting materials to have a high degree of grain alignment
9

in all directions, a necessary condition for more efficient current flow through the
superconductor. For RABiTS sample preparation, an untextured metal alloy is rolled and
then annealed to produce a particular substrate texture. This is succeeded by the
deposition of epitaxial buffer layers (usually comprising a seed layer, a barrier layer, and
a cap layer) on the textured metal/alloy substrate. Epitaxy means that the orientation of
the overlying film matches that of the underlying substrate. The buffer layer deposition
is important because it helps to transfer the alignment from the metal surface to the
superconductor while avoiding chemical degradation of the superconductor. Finally,
epitaxial superconductors such as YBCO are deposited onto the buffer layers. 23

Figure 3. Schematic of the manufacturing process of rolling-assisted biaxially textured substrates
(RABiTS) 23

1.3.1.2 ION BEAM ASSISTED DEPOSITION (IBAD)
Ion-beam assisted deposition (IBAD), was pioneered by Fujikura24 and then substantially
improved upon by the Los Alamos group25,26.

IBAD is reported to be a method

characterized to form artificially textured template films on metal substrates without any
epitaxial relationships. This type of method has a freedom of choice for substrate
materials with desired physical properties, because no crystalline alignment of the
substrates is needed. General substrates are commercial Ni alloy Inconel 625 or Hastelloy
C-276. The IBAD technique achieves biaxial texture by means of a secondary ion gun
10

that orients an oxide film buffer layer while it is being deposited onto the polycrystalline
metallic substrate. Deposited grains of the buffer layer (Yttria Stabilized Zirconia(YSZ)
or Magnesium Oxide(MgO)) that are nucleating and growing on the substrate are
bombarded by ions from the secondary gun at an angle that coincides with a special
crystallographic orientation of selected grains that grow preferentially, resulting in the
development of a biaxial texture. The buffer layer serves as a template for epitaxial
growth of textured superconducting thin films and as a barrier to prevent elemental
diffusion from the substrate27,28,29. The following are some of the reasons for stable high
Jc properties of IBAD tapes:
1. Explicit in-plane crystalline alignment
2. Quite smooth surfaces for YSZ/MgO templates
3. Strong substrate materials as polycrystalline Ni-based alloy, which allow easier
handling during experiment 27, 30 .
A schematic of Ion Beam Assisted Deposition (IBAD) is shown in Figure 4.

Figure 4. Schematic of Ion Beam assisted deposition 31
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Ijima et al

32

reported the explicit in-plane alignment in biaxially aligned YBCO thin

films. They were produced by PLD on polycrystalline Ni-based alloy, by using biaxial
YSZ intermediate layers formed by off-normal ion-beam-assisted deposition. Figure 5
shows the schematic of the top view of the YBCO film. The grain sizes were estimated
between 0.3 and 0.5 µm. The (110) twin boundaries were observed in the YBCO grains,
aligned in a direction or crossing perpendicularly to each other. The in-plane a and b
axes were effectively controlled by the YSZ layers. The YBCO (103) directions always
emerged in the direction corresponding to YSZ (111). It indicates that the buffer layer
texture have a very strong influence on the thin film layer.

Figure 5. Schematic of YBCO thin film deposited on IBAD-YSZ by PLD 32

1.3.2 THIN FILMS DEPOSITION TECHNIQUES
The thin film deposition technique plays a very key role in the final superconducting
properties of the coated conductors. All high Tc compounds are composed of a minimum
of four elements that must be deposited within close tolerance of the correct ratio in order
to obtain optimized films with excellent properties. The atoms of the multi-component
material should arrive with the precise relative abundance required for the compound.
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Several thin film deposition techniques are categorized into either physical method or
chemical method in Table 5.
Table 5: Methods to form HTS Films on Substrates33

Physical Methods
Pulsed Laser Ablation/Deposition
(PLA/PLD)
Electron Beam–Based Deposition
Electrophoresis

Chemical Methods
Sol-Gel
Chemical Vapor Deposition (CVD)
Metal Organic Chemical Vapor
Deposition(MOCVD)
Metal Organic Decomposition (MOD)
Electrodeposition
Aerosol/Spray Pyrolysis

Magnetron Beam-Based Deposition
Thermal Evaporation
Sputtering

Three methods used extensively by industry are discussed in detail below
1.3.2.1 PULSED LASER DEPOSITION (PLD)
Pulsed Laser Deposition (PLD) is a technique for oxide film growth in insitu epitaxial
HTSC films. In this method, a pulsed laser is focused onto a target of the material to be
deposited. For a sufficiently high laser energy density, each laser pulse vaporizes or
ablates a small amount of the material. The ablated material is ejected from the target in a
forward directed plume. The ablation plume provides the material flux for film growth.
The result is the fabrication of thin film of YBCO materials with the same chemical
structure as the target. It is important to recognize that highly stoichiometric, nearly
single crystal like epitaxial film is aimed for in the PLD method. As PLD is an in-situ
method, the surface of the substrate is preheated to 700-800oC34. PLD offers numerous
advantages, including film stoichiometry close to the target, low contamination level and
high deposition rate35. Schematic of PLD is shown in Figure 6.
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Figure 6. Schematic diagram of a pulsed laser deposition (PLD) system 34

Matias et al

36

reported the columnar micro structure of YBCO films grown by Pulsed

Laser Deposition (PLD). The grain growth in PLD is normal or vertical to the substrate
unlike other chemical methods like MOD. The cross section schematic shown in Figure 7
demonstrates a typical columnar microstructure for PLD-deposited YBCO films.

Figure 7. Schematic of typical columnar microstructure for PLD-deposited YBCO films 36

Feldman et al 37 have reported the Coupled magneto-optical (MO) imaging and local misorientation angle mapping results of PLD films. MO and light microscopy images of the
same location on the YBCO surface demonstrated the influence of grain boundaries (GB)
on the Ni substrate for films grown by PLD.Figure 8(a) shows the MO image of a 1.2mm-thick YBCO sample. Figure 8(b) shows the light micrograph of the surface of the
YBCO, showing a visible GB structure similar to the MO image. Figure 8 (c) shows the
14

light micrograph of the underlying Ni substrate after the buffer layers were etched away.
Figure 8(d) is the overlay of Figure 8(a) and 8(c) showing that the Ni substrate has a great
influence on the overlaying YBCO film. It was also reported that flux penetration occurs
almost exclusively along Ni grain boundaries. These images confirm that grain growth is
vertical in films grown by PLD and the texture of the substrate defines the final
microstructure of thin film in PLD.

Figure 8. (a) MO image of YBCO sample (b) Light micrograph of the surface of the YBCO (c) Light
micrograph of the underlying Ni substrate after the buffer layers were etched away (d) Overlay of (a)
and (c) 37 [Note: Images directly copied from reference]

1.3.2.2 METAL ORGANIC CHEMICAL VAPOR DEPOSITION (MOCVD)
Metal organic chemical vapor deposition (MOCVD) is a chemical vapor deposition
process, which uses chemically reactive gases to deposit thin films on the substrate as
shown in Figure 9. The reactive gases come from the volatile organometallic compounds,
which are vaporized in the system. These organometallic vapors are transported to the
reaction chamber by a carrier gas, decomposed through a thermal activation process near
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the heated substrate surface and reacted with the ambient gases. The gaseous reactants
can be individually controlled to flow on to the substrate surface and hence the
composition of the deposited film can be monitored and adjusted. Application of the
precursor is carried out in a MOCVD chamber maintained at about 600-850 oC and at a
pressure of 1-10 mm Hg. The required N2O/O2 plasma is introduced from a plasma
generator tube and vaporized Y-, Ba-, and Cu- containing precursors are conveyed by
flowing N2 at about 230 oC to the deposition chamber38. Thin films with desirable
chemical compositions are thus deposited on the substrate.

Figure 9. Schematic diagram of Metal Organic Chemical Vapor Deposition (MOCVD) system 38

Selvamanickam et al

39

reported the micro structure of YBCO deposited by MOCVD on

IBAD-YSZ. The YBCO films deposited on the YSZ-buffered metal substrates exhibited
a dense, continuous film structure with hardly any porosity, but numerous particulates.
These particulates were found by EDS analysis to be rich in Y. Since such particulates
were observed also in the YBCO films on single crystal YSZ substrates grown alongside
the metal substrates, it is believed that their origin was not due to the quality of the IBAD
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substrate, but was due to the various aspects of the MOCVD process. Their earlier
experiments had shown that the substrate temperature, reactor pressure, oxygen partial
pressure and the precursor starting composition controlled the particulate formation.
Later experiments revealed that the vaporization and the precursor injection processes
themselves could lead to particulate formation. A similar dense microstructure was
observed on the MOCVD samples worked in this thesis.
1.3.2.3 METAL ORGANIC DEPOSITION (MOD)
In this method of deposition, a trifluoro-acetate solution precursor of Y, Ba and Cu are
prepared by dissolving the acetates of yttrium, barium and copper in 1:2:3 cation ratio in
de-ionized water with a stoichiometric quantity of trifluoroacetic acid at room
temperature. The resulting aqueous solution is then dried in air to yield a glassy blue
residue. The residue is dissolved in methyl alcohol to give a solution with a copper ion
concentration of 0.75 M. The TFA precursor solution is deposited on the substrate by dip
coating or spin coating. The coating can be done at ambient temperatures in the range 2331 °C 40.Figure 10 shows the schematic of MOD process.

Figure 10. Schematic illustration of Metal organic Deposition using Trifluoroacetates (TFA-MOD) 40

Castano et al

41

investigated the chemical solution growth of epitaxial YBCO thin films

on single crystalline substrates using trifluoroacetate precursors. The microstructure is
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very porous with round pores of approximately 0.1 m and is almost similar to the
microstructure on RABiTS (MOD) reported later in this report.
Araki et al

40

reported the cross section TEM of YBCO films grown by MOD-TFA on

LaAlO3 substrate as shown in Figure 11. The cross-sectional TEM observation showed
continuously connected c-axis oriented grains all over the substrate. The porous nature of
the YBCO films is due to the escaping of HF during the calcining and firing processes. A
similarity was found between the cross section SEM studies done in this report.

Figure 11. Schematic of Cross-sectional observation of YBCO film produced by TFA-MOD.
Perfectly c-axis-oriented grains were observed all over the substrates 40

1.4 Critical Current Density (Jc) – a Key Parameter
One of the most important parameters of the superconducting film is its critical current
density. The higher the current density, the greater the amount of electric current that can
be transmitted through the tape23. Achieving high critical current densities will bring us
one step closer to the commercialization of YBCO superconducting wires. Therefore it is
very important to understand the factors that adversely affect the Jc. Several mechanisms
have been proposed relating the grain boundary induced reduction of Jc in high-Tc
cuprates to the following factors42:
1.

Microstructure of the thin film and weak links between grains43

2. Deviations from bulk stoichiometry in vicinities of Grain Boundaries44 , 45
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3. Stress fields of Grain Boundaries46, 47 , 48
4.

The combined effects of d-wave type symmetry of the superconducting order
parameter and the faceted microstructure of Grain Boundaries42

5. Electric-charge inhomogeneities42

1.4.1 RELATIONSHIP BETWEEN MICROSTRUCTURE AND CRITICAL
CURRENT DENSITY
Jee et al 49 compared the microstructures and Jc values of the samples prepared by MODTFA and PLD as shown in Figure 12. The MOD sample exhibited a porous
microstructure with small particles on the surface which is typical for post-annealed
specimens. SEM/EDX analysis revealed that observed small particles are a mixture of
newly forming YBCO layers and second phase particles. In contrast, a dense smoother
surface structure was observed for the PLD sample, although a-axis grains and large
particles were observed on the surface. EDX analysis showed that the large particles were
BaCuO2 phase.

Figure 12. SEM Microstructure of (a)TFA (b)PLD49[Images are directly copied from reference]

The Jc of PLD samples was twice as high as or higher than that of the TFA samples. In
this study the Jc is 1.3 MA/cm2 for the TFA and 3 MA/cm2 for the PLD samples both of
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which were 0.3 µm thick. The relatively low Jc values of TFA samples are mainly caused
by the small grain size and porous microstructure. Pores are poorly connected grain
boundaries reduce the effective cross-section of the sample for current transport 49.

1.4.2 EFFECT OF ELEMENTAL DIFFUSION ON SUPERCONDUCTING
PROPERTIES
Using the secondary ion mass spectrometry (SIMS) concentration profiles, Adulfas
Abrutis et al

50

reported a diffusion of Zirconium from the unbuffered substrate to the

films when the YBCO films were developed on YSZ substrates from the organo-metallic
vapor phase by a new pulsed injection CVD technique. The critical temperatures (Tc) of
the best YBCO films were about 90 K, the critical current densities (Jc) being

4 × 105

A cm-2 at 77 K. A thin epitaxial CeO2 layer grown in situ before YBCO deposition
stopped the Zirconium diffusion from the substrate and dramatically improved the
epitaxy and critical parameters of YBCO films. The Tc
YSZ/CeO2/YBCO hetero-epitaxial structures equaled

and Jc of the deposited

90 K ( 0.3 K) and

4 × 106 A

cm-2 at 77 K. This result shows that a simple deposition of an intermediate CeO2 layer
before the growth of YBCO makes YSZ substrates very competitive with perovskite
substrates.

Mukhopadhyay et al

51,52

reported that reported that there is Zirconium diffusion into the

bottom part of YBCO layer in the case of polycrystalline metal substrates and no
diffusion of Zirconium atoms into the YBCO layer in the case of single crystal substrates.
This might be due to the high grain boundary density of films grown on polycrystalline
substrates. The lower portion of the YBCO film showed distinct signs of contamination
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from buffer layers and substrate i.e CeO2, YSZ and Ni alloy respectively in the XPS
analysis. Since the layer adjacent to the YBCO film is CeO2, presence of Zirconium in
the film indicates possible diffusion of this species through the CeO2 layer. The Ce
concentration increases slowly as the sample is sputtered deeper and deeper into the
YBCO, indicating that the YBCO/CeO2 is approaching, but the Zirconium concentration
remained steady inside the YBCO part of the specimen. Even if the increase in Ce is due
to slightly uneven surface removal, the steady Zirconium concentration clearly indicates
the potential diffusion of Zirconium into the YBCO region of the multi-layered
specimens. It was also noted that films grown on single crystal substrates that have no
Zirconium diffusion have higher Tc and Jc values which may mean that the diffusion of
Zirconium atoms into the YBCO layer affects the transport properties of these films .

Selvamanickam et al

39

also reported the SIMS analysis performed on YBCO deposited

by MOCVD on IBAD-YSZ. The concentration of Zirconium dropped by about two
orders of magnitude at the interface with the YBCO layer. The drop-off occurs at a
distance from the interface indicating some Zirconium diffusion into the YBCO layer.
However, the influence of the presence of Zirconium in the YBCO film is not known.

1.4.3 VARIATION OF CRITICAL CURRENT DENSITY (JC) WITH DEPTH
Jo et al 53 reported the depth profiling studies done on electrical properties of YBCO film.
Layers were removed by etching and the average critical current density as a function of
depth was reported to decrease. The possibility of grain-boundary preferred etching was
excluded because a very slight little change of surface morphology was observed while
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the Br-etching proceeded 53. This suggests that the film has a non-uniform distribution of
superconducting critical current densities. The top part has a very high local Jc while the
bottom part has a vanishing Jc. This result strongly suggests that the top faulted islandgrowth layers and the bottom perfect layer-by- layer grown grains have totally different
current-carrying properties. Based on XRD studies of YBCO films, it was found that the
bottom layers of YBCO films are corresponding to the lower angle portion of XRD peaks
(a depth profile of XRD (not shown) indicates the higher angle portion of the YBCO
peaks starts to etch away as etching proceeds). At the same time, it was possible that the
bottom layers have not enough pinning centers, since high-rate grown samples tend to
show no lower angle peaks in XRD, suggesting that oxygenation in the layer is
completed. Thus, insufficiency of pinning center due to the perfect microstructure could
be the reason of vanishing Jc.Figure 13 shows a schematic of critical current density vs.
thickness curve.

Figure 13. Depth profile of critical current density (Jc ) with progressive etching processes. The top
line represents the average critical current density of the remaining thickness. The bottom line
represents the average critical current density calculated for the top active superconducting layers 53
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1.5 FOCUS OF THESIS
From the section 1.4 and also from previous studies by several researchers 39,50,51,52,54,55, it
is clear that microstructure and chemical diffusion of elements from buffer layer into the
HTS film affect the critical current density of the coated conductor. Since one of the
current goals of HTS researchers is to attain high Jc’s, it is very critical to understand the
microstructure and chemistries of the thin film and also if diffusion between buffer layer
and superconducting layers exists.
Earlier studies have solely focused on chemical depth profiling of the films or on surface
microstructural study of films manufactured by one technique. However, there is no study
on investigation done to perform a depth profiling study of microstructure in addition to
chemical uniformity along the thickness of the superconducting layer. Also, no study was
done to compare the relationship between different processing methods and film
thickness and superconducting properties. Hence in this thesis, an attempt was made to
perform comparative characterization of microstructure and chemistry of YBCO thin
films supplied by Air Force Research Labs (AFRL).
Therefore the objective of this thesis is to
(I)

Study the influence of various processing methods on the microstructure and
chemistry of YBCO.

(II)

Study the micro structural and chemistry variation within the YBCO layer
with depth

(III)

Check for diffusion of any atoms from buffer/substrate into the YBCO layer.

23

2. EXPERIMENTS
2.1 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
X-Ray Photoelectron Spectroscopy (XPS) has been extensively used as a surface analysis
technique (analysis of the elemental composition of the outermost atomic layers of the
atom) and its applications are surprisingly increasing particularly in studies of
semiconductor devices, optical devices, catalysts, polymers and new ceramic materials.
Its straightforward data interpretation and chemical bonding information proves itself as
one of the best surface analysis methods in materials characterization 56.
X-Ray Photoelectron Spectroscopy (XPS) uses soft X-Ray (200-2000 eV) radiation to
examine core-levels and to study the composition and electronic state of the surface
region of a sample. Photoelectron spectroscopy is based upon a single photon in/electron
out process. The energy of a photon is given by the Einstein relation:
E=hν
Where

H - Planck constant ( 6.62 x 10-34 J s )
ν - frequency (Hz) of the radiation

Photoelectron spectroscopy uses monochromatic sources of radiation (i.e. photons of
fixed energy). In XPS the photon is absorbed by an atom in a molecule or solid, leading
to ionization and the emission of a core (inner shell) electron.

24

Figure 14. (left)XPS at Wright State University and (right) close up view of the sample being
analyzed56

The Binding Energy(BE) is now taken to be a direct measure of the energy required to
just remove the electron concerned from its initial level to the vacuum level and the
Kinetic Energy(KE) of the photoelectron is again given by :
KE = hν
ν - BE
For each and every element, there will be a characteristic binding energy associated with
each core atomic orbital i.e. each element will give rise to a characteristic set of peaks in
the photoelectron spectrum at kinetic energies determined by the photon energy and the
respective binding energies. The presence of peaks at particular energies therefore
indicates the presence of a specific element in the sample under study - furthermore, the
intensity of the peaks is related to the concentration of the element within the sampled
region. Thus, the technique provides a quantitative analysis of the surface composition
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and is sometimes known by the alternative acronym, ESCA (Electron Spectroscopy for
Chemical Analysis).
The most commonly employed x-Ray sources are those giving rise to:
Mg Kα radiation : hν = 1253.6 eV

Al Kα radiation : hν = 1486.6 eV

The emitted photoelectrons will therefore have kinetic energies in the range of 0 - 1250
eV or 0 - 1480 eV. Since such electrons have very short IMFPs (Inelastic mean free path)
in solids, the technique is necessarily surface sensitive 56.
The experiments were performed using AXIS ULTRA from KRATOS ANALYTICAL
Inc. Figure 14 shows the XPS at Wright State University. A monochromator with Al
anode was used as the X-ray source struck by electrons from a high voltage of 14 KV and
a current of approximately 15 mA. The analysis chamber was maintained at ultra high
vacuum of the order of 10-9 Torr. A charge balance of 2.62 V was kept for charge
neutralization purposes. The 8-channeltron multi-detector was used to record the
spectrum. The spectra were taken in this mode from an area of 110 microns diameter.
The analyzer was operated with the entrance slot in place and fixed pass energy of 80 eV.
A channeltron type electron multiplier behind the exit slit of the analyzer was used to
amplify individual electrons by 105-106, and each such pulse was fed to external
conventional pulse counting electrons and on into a computer. A plot of electron pulses
counted against analyzer-lens voltage gave the photoelectron spectrum. A survey scan is
generally taken to determine the elements present. It is a spectrum which plots the counts
per second vs. binding energy values.

26

For the purpose of subsurface analysis, the sample was eroded by 3 KeV Ar+ ion
bombardments using the ion gun. The analysis chamber was maintained at a pressure of
1.3 x 10-7 Torr (approx.). The small spot ion beam of 175 microns in diameter was used
for depth profiling.
The as-obtained spectra from the samples were then quantified using VISION2 software.
It was used to obtain the concentration ratios of elements present, the FWHM (Full Width
at Half Maximum) of several elemental peaks and the concentration profile of some of
the samples. These data were then correlated to their electrical data and plots were
obtained.

2.2 SECONDARY ION MASS SPECTROSCOPY (SIMS)
Secondary ion mass spectroscopy (SIMS) is the analysis by mass spectroscopy of ions
emitted from a solid or liquid when bombarded by an energetic ion beam. The technique
of Secondary Ion Mass Spectrometry (SIMS) is the most sensitive of all the commonlyemployed surface analytical techniques, this is because of the inherent sensitivity
associated with mass spectrometric-based techniques 57.
A primary ion beam of about 0.5 to 15KeV energy is impacted on the sample and this
causes sputter erosion of the surface by emission of neutrals and ions. The ejected
secondary ions are separated in a mass spectrometer. Figure 15 shows the working
principle of SIMS. The main advantages of SIMS are its:
-

Ability to detect all elements, including hydrogen

-

Ability to detect elements in the parts-per-billion range
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-

Ability to perform microanalysis and imaging in the submicrometer range

-

High dynamic range of up to 8 orders of magnitude in concentration

Besides its intrinsic destructiveness, the main disadvantage of SIMS is its difficult
quantification. A plot of the intensity of a given mass signal as a function of time, is a
direct reflection of the variation of its abundance/concentration with depth below the
surface. The SIMS analysis was done at Micro Photonics Inc., Irvine, California. The
estimated etch rate for their system is approximately 50nm/500sec.

Figure 15. Working principle of Secondary Ion Mass Spectroscopy (SIMS)57

2.3 SCANNING ELECTRON MICROSCOPY (SEM)
The Scanning Electron Microscope (SEM) is one of the most versatile and widely used
tools of modern science as it allows the study of both morphology and composition of
biological and physical materials. Electron microscopy is analogous to light microscopy
except that electrons are used to image instead of light. Here, electromagnetic lenses
control the beam instead of glass lenses 58.
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An electron beam is focused into a fine probe and subsequently raster scanned over a
small rectangular area. As the beam interacts with the sample it creates various signals
like secondary electrons, internal currents, photon emission which can be appropriately
detected. These signals are highly localized to the area under the beam. By using these
signals to modulate the brightness of a cathode ray tube, which is raster scanned in
synchronism with the electron beam, an image if formed on the screen. Every point that
the beam strikes on the sample is mapped directly onto a corresponding point on the
screen.

Figure 16. SEM at Wright State University58

The SEM is used primarily for the examination of thick i.e electron opaque samples.
Electrons which are emitted or backscattered from the specimen are collected to provide:
1. Topological information (i.e the detailed shape of the specimen surface) if the
low energy secondary electrons are collected.
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2. Atomic number or orientation information if the higher energy, back scattered
electrons are used, or if the leakage current to earth is used 58.
JSM 35-CF Scanning electron microscope was used for imaging. The working distance
was kept near 15 mm. for getting a better image of the sample. Secondary electron
images were obtained at 25/15 KV.
Energy Dispersive X-Ray Spectrometry (EDS) was also used in this thesis. It is a
technique which is used in conjunction with SEM/TEM and is not a surface science
technique. An electron beam strikes the surface of a conducting sample. The energy of
the beam is typically in the range 10-20keV. This causes X-rays to be emitted from the
point the material. The energy of the X-rays emitted depends on the material under
examination. The X-rays are generated in a region about 2 microns in depth, and thus
EDX is not a surface science technique. By moving the electron beam across the material
an image of each element in the sample can be acquired.
Focused Ion beam technique (FIB) was also used in conjunction with EDS by AFRL to
cut a sample as a part of the depth profiling studies.FIB technique is used in
nanopatterning and micromachining applications in general but in this case, it was used to
cut a specimen from the superconducting tape with multiple layers without damaging
their alignment.

2.4 CHEMICAL ETCHING
Bromine in a non aqueous solution like ethanol acts as an etchant for YBCO

59,60,61,62

..

Bromine etching was used in our study to perform three tasks. First task was to perform
the layer by layer analysis of YBCO to check for the presence of Zirconium. Bromine
helps in removing YBCO in layer by layer fashion63. The second task was to study the
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microstructure of YBCO with the variation of film thickness. The third task was to study
the etching rates of YBCO manufactured under different processing conditions.
Etching was done by dipping the sample in bromine/ethanol (10% bromine in ethanol)
solution. The samples were not rubbed with a cotton swab because the stress and force
might vary with each wiping. Therefore, the samples were just dipped in the bromine
solution by holding them with a tweezers for a time‘t’. After the etching is done, the
samples were washed thoroughly by dropping them in ethanol solution and subjecting to
Ultrasonic cleaning for 5 minutes. Care was taken to remove any leftover Br/ethanol
solution after the etching since the samples may get over etched. The samples were then
dried very well with compressed air before putting them back in SEM and XPS for micro
structural and chemical analysis respectively. The solution has been reported to be an
effective etchant for these compounds and the enhancement of the grains and interfaces is
very obvious 63.
Mukhopdhyay et al

60

reported the effectiveness of Bromine+ ethanol solution as an

etchant. If a bulk sample 6–10 mm in dimension is left in that medium for several weeks,
it disintegrates. However, Bromine does not selectively etch any element or part of the
elements in YBCO. It removes YBCO in a layer by layer fashion rather than selectively
degrading a particular element64. Bromine, ethanol solution has been reported to be an
effective etchant for the YBCO compounds.
Vasquez et al

61

reported bromine as an etchant for YBCO. They reported that Bromine

removes the insulating hydroxides and carbonates that form on high temperature
superconductor surfaces as a result of atmospheric exposure. X-Ray Photoemission
Spectra recorded before and after etching YBCO films proved that the high binding
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energy O1a and Ba 3d peaks associated with the surface contaminants are greatly reduced
and the Y:Ba:Cu ratio is close to the expected 1:2:3 and also the oxidation state of the
Cu(2+) is not affected .
Potrepka et al

62

reported that Bromine does not enter the YBCO lattice either

substitutionally or interstitially .
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3. RESULTS AND DISCUSSION
3.1 SAMPLE DESCRIPTION
Three different processing methods have been compared in this study. Three types of
samples prepared by the three major techniques adopted by industry i.e. PLD, MOCVD
and MOD techniques were provided by the AFRL collaborators.

In the past, another member of this group worked on Y-123 samples until 200352. The
previous samples were found to have Zirconium diffusion from buffer layers into the
YBCO layer and hence lower Jc value. The superconducting properties of those samples
have been discussed with the sample manufacturers. Therefore the process parameters for
the next batch of YBCO tapes were optimized.

The new samples for this study exhibited better electrical properties than the previous
samples. The typical sample architecture is shown in Figure 17. Previous studies by
several laboratories have focused only on a single processing method. However,
comparative studies between different processing methods were not performed. The
focus of this thesis is to understand the fundamental differences between the three major
techniques adopted by industry. The description of the samples is as shown in Table 6.
Micro structural and chemical analysis of three samples will be discussed in the coming
sections.
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Figure 17. Schematic of Sample Architecture

Table 6. Description of samples

Sample
Number
1

Top Layer

Buffer Layer

Substrate

YBCO

CeO2/YSZ

Inconel

Deposition Preparation
Technique Technique
PLD
IBAD

2

YBCO

CeO2/YSZ

Hastelloy C-276

MOCVD

IBAD

3

YBCO

CeO2/YSZ/ CeO2

Ni-W

MOD

RABiTS

3.2 INFLUENCE OF PROCESSING METHODS
3.2.1 MICROSTRUCTURE OF YBCO DEPOSITED BY (a) PLD ON IBAD-YSZ, (b)
MOCVD ON IBAD-YSZ AND (c) MOD-TFA ON RABiTS
The surface morphologies of the three samples were observed under SEM. The samples
were etched for 20 seconds with bromine/ethanol solution for better grain boundary
visibility. Figure 18 shows the plan view of the microstructures of the three samples.
There is a significant difference in the microstructure which is due to the YBCO
deposition technique and the grain structureof substrate.
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(a) Microstructure of YBCO by PLD on IBAD-YSZ
The surface morphology of YBCO deposited by PLD on IBAD-YSZ is shown in Figure
18 a. The microstructure is rough with regular cross hatched pattern The YBCO grain
shape and orientation appear to be dictated by the texture of IBAD-YSZ buffer layer.
Earlier investigators

32,65,66

have observed a cross hatched pattern on the IBAD-YSZ

buffer layer itself and also on the superconducting films deposited on PLD. They have
also explained that the (110) twin boundaries which were clearly observed in the grains,
were aligned in a direction or crossing perpendicularly to each other resulting in the
cross-hatched pattern32.
Films grown by PLD technique have a tendency to grown as columnar grains36 and retain
the texture of the underlying buffer layer37. Hence the YBCO film grown by PLD has
retained the texture of IBAD-YSZ buffer layer. This explains the reason for the cross
hatched pattern on the YBCO film.
YBCO deposited by PLD shows higher fraction of a/b axis grains compared to the c-axis
grains. The c-axis grains were approximately 1.31µm diameter and the dimensions of a/b
axis grains varied from 0.45µm to 0.91µm in length and 0.22 µm to 0.30 µm in width
with an aspect ratio between 1.5 to 3. Lines which are suspected to be micro cracks were
observed, which might be due to rapid solidification and the difference in thermal
expansion coefficient between the YBCO layer, buffer layers and substrate.
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(b) YBCO by MOCVD on IBAD-YSZ
The surface of YBCO deposited by MOCVD on IBAD-YSZ is shown in Figure 18b. The
microstructure is continuous and densely packed. One noticeable difference from sample
1 shown in Figure 18a is the absence of micro scratches. Needle shaped columnar grains
represent some a/b-axis oriented YBCO grains but they are significantly in lower
percentages than sample 1. Majority of the grains appeared to be round and flat of
approximately 1.5µm diameter indicating the c-axis oriented grains. The dimensions of
a/b axis grains varied from 2.8µm to 0.93µm in length and 0.70µm to 0.20µm in width
with an approximate aspect ratio of 3.25. Similar type of microstructure was reported
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for samples prepared by MOCVD on IBAD-YSZ.
Even though the buffer layer of this sample is IBAD-YSZ same as the buffer layer of
sample 1, the microstructure of YBCO layer did not get affected by the texture of buffer
layer. Therefore, in addition to the buffer layer texture, YBCO deposition method seems
to influence the final microstructure of the YBCO layer.
(c) YBCO by MOD on RABiTS
The surface of YBCO deposited by MOD-TFA on RABiTS substrate is shown in Figure
18c. The microstructure is porous with both rounded and elongated pores and
continuously connected grains. When compared to sample 1 and sample 2, there were
significantly lower a/b axis oriented needle like grains but higher fraction of c-axis
oriented grains. The pore diameter varied between 0.32µm and 0.59µm and the grain size
varied from 0.60µm to 1.20µm. The porosity is expected because MOD is an ex-situ
process and there is a significant escape of gases from the YBCO layer during the heat
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treatment processes in the sample preparation. Similar microstructure was observed on
films grown on single crystal substrate by other researchers41.

Figure 18. Micrographs of (a) Sample 1-YBCO deposited by PLD on IBAD-YSZ, (b) Sample 2YBCO deposited by MOCVD on IBAD-YSZ, (c) Sample 3-YBCO deposited by MOD on RABiTS
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From the above observations the following conclusions can be drawn
(a) PLD is the only process that clearly replicates the texture of the
substrate/bufferlayer on the top YBCO layer. The surface of PLD films can
develop micro cracks due to rapid solidification and the difference in thermal
expansion coefficient between the YBCO layer, buffer layers and substrate.
(b) YBCO thin films deposited by MOCVD are very dense without any surface
scratches. In contrast to sample 1, the exact grain structure of the bufferlayer is
not retained by the YBCO layer.
(c) YBCO thin films deposited by TFA-MOD on RABiTS substrate are very porous
in nature and unlike sample 1, the grain structure of the underlying substrate is not
retained by the YBCO layer.
In summary, microstructure in PLD films are influenced by the buffer layers whereas
the microstructure in MOCVD and MOD films depend on other processing
parameters.

3.2.2 VERIFICATION WITH EARLIER OBSERVATIONS
In order to understand if these observations can be applied to previous studies, the present
work is compared with the previous work done by a member of our research group52. For
comparison purposes the previous samples are called 4 and 5. The description of old
samples is shown in Table 7.
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Table 7. Description of Old samples

Sample
Number
4

Top Layer

Buffer Layer

Substrate

YBCO

CeO2/YSZ

Inconel

Deposition Preparation
Technique Technique
PLD
RABiTS

5

YBCO

CeO2/YSZ

Hastelloy C-276

MOCVD

IBAD

(a) Comparison of Sample 1(PLD on IBAD-YSZ), Sample 3 (MOD on RABiTS) &
Sample 4(PLD on RABiTS)
Figure 19a shows microstructure of YBCO deposited by PLD on RABiTS substrate from
previous studies by Swaminathan52. The microstructure neither matches with YBCO
deposited by PLD on IBAD-YSZ shown in figure 19c nor with YBCO deposited by
MOD on RABiTS substrate shown in figure 19b. PLD film on RABiTS is completely
different than the PLD film by IBAD-YSZ, both of them individually influenced by the
grains structure of the underlying films. This clearly shows that the microstructure is a
combined

function

of

deposition

technique

and

grain

structure

of

the

bufferlayer/substrate.

(b) Comparison of Sample 2 & Sample 5 (MOCVD on IBAD-YSZ)
Comparison of YBCO deposited by MOCVD on IBAD-YSZ from previous studies and
present study are shown in figure 19(d) and 19(e). Overall the microstructure appears
very similar qualitatively. However, a slight micro structural difference was observed
between the old IBAD (MOCVD) and new IBAD (MOCVD). The new sample 2 had
significantly lesser fraction of a/b axis oriented grains which were distributed far apart
compared to the densely packed old sample 5. The variation in % fraction of a/b axis
oriented grains might be due to the variation in process parameters during deposition by
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MOCVD. Selvamanickam et al
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reported that the substrate temperature, reactor

pressure, oxygen partial pressure and the precursor starting composition control the
particulate formation.
The Jc values were 0.25 and 0.65 MA/cm2 for sample 5 and sample 2 respectively. The
new samples having lower concentration of a/b axis grains compared to the old sample
might be the reason for their high quality. Previous studies reported that the Jc decreases
as the a-axis grains increases52. In addition, presence of Zirconium was detected in
YBCO layer for the old sample which explains the lower Jc. The results from the
previous studies were reported back to the sample manufacturers and therefore, the new
samples were optimized and hence exhibited better properties.
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Figure 19. Microstructures comparison between old sample and new samples. YBCO deposited by
(a) PLD on RABiTS substrate -Sample 4 (b) MOD on RABiTS Sample 3(c) PLD on IBAD-YSZ
Sample 1(d) MOCVD on IBAD-YSZ Sample5 (e) MOCVD on IBAD-YSZ Sample 2 52

In summary, the new samples exhibited better electrical properties and did not have any
interdiffusion between the surface, buffer and substrate layers which will be discussed in
the later part of the results section. Therefore, the microstructure might have varied from
old samples to new samples.

3.2.3 SURFACE ANALYSIS
Surface analysis was done on the surface of samples 1, 2 and 3 using X-Ray
Photoelectron Spectroscopy (XPS). A survey scan was taken with binding energy values
varying from 0 to 1000 eV. It contains almost all the peaks from the elements present on
the surface. A high resolution scan was also taken which is a spectrum taken on a narrow
range of binding energy values that gives a specific peak of a particular element on the
surface.
The samples were sputtered for 10 minutes before analysis with 3 Kev Ar+ ions to
remove the surface contamination. The survey scans on the surface of the three samples
are compared against each other in Figure 20a. Strong peaks of Yttrium, Barium, Copper,
Oxygen, Carbon and Silver are detected. The presence of carbon is observed due to
surface contamination caused by exposure to atmosphere. Silver peak is also detected on
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one of the samples. The YBCO layer is usually capped with silver and the silver was
etched off from the surface by AFRL labs before handing the samples to WSU. Traces of
Ag might have been still remaining on the surface on one of the samples and hence
detected in the XPS profiling. Figure 20 (b), (c) and (d) show the high resolution scans of
Y 3d, Ba 3d and Cu 2p peaks respectively. Yttrium, Barium, Copper and Oxygen were
detected on each of the three samples.

(a)

(b)

(c)

(d)

Figure 20. XPS Peaks of (a) Survey scan (b) Y 3d Peak (c) Ba 3d Peak (d) Cu 2p Peak

3.3 STUDY OF MICRO STRUCTURE VARIATION WITH SAMPLE
DEPTH
Earlier studies have tried to understand the effects of film thickness on properties (micro
structure, Jc)54,55 of the YBCO film. They observed variations in uniformity, current
carrying capacity and defect density with increasing thickness. However as pointed out
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earlier, there is no study on investigation of relationship between the processing methods
and decreasing film thickness and superconducting properties. These issues are addressed
here by studying microstructure and chemical composition using microscopy and
spectroscopy of good quality samples by etching the surface of YBCO gradually and
performing the analysis.
3.3.1 ESTIMATION OF ETCHING RATES
Before the microstructural study can be under taken, etching rates had to be estimated.
This step will also help to compare the robustness of the YBCO layer prepared by the
three techniques. Etching has been done by gently washing the samples with Bromine. It
has been reported59,60,61,62,64 that bromine can serve as an excellent etchant because it
removes YBCO layer without selectively degrading any particular element. Therefore,
Bromine-ethanol solution was used as an etchant to peel off the YBCO layer.
In this study, ¼” X ¼” sections were cut from the three samples and the peeling times
were estimated by holding them with tweezers and dipping in a Bromine/ethanol
solution. The samples were just dipped in the bromine solution. . The samples were not
wiped with a cotton swab because this will result in the removal of YBCO layer in an
uneven fashion since the pressure applied during etching might vary between etch cycles.
Therefore, care was taken to avoid any mechanical force or pressure by vibrating the
sample or rotating the sample in the bromine solution.
The sample was taken out from the solution periodically (after every 20-30 seconds) and
washed with ethanol to check the etching of YBCO. This has been done till the black
YBCO portion has visibly disappeared. The total etching time was recorded. The total
etching time of sample 3 (MOD on RABiTS) was between 200-230 seconds whereas the
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total etching time for sample 2(MOCVD on IBAD-YSZ) and sample 3 (PLD on IBADYSZ) was between 600-640 seconds. Hence, it is clear that the YBCO layer on sample 1
(PLD on IBAD-YSZ) and sample 2 (MOCVD on IBAD-YSZ) has etched off faster than
the YBCO layer on sample 3 (MOD on RABiTS).
A post ultrasonic cleaning was done on each of the three samples to free the surface from
any further Bromine etching. The samples were then analyzed in XPS to confirm the
removal of YBCO layer. Only Ni was present on all the three samples which indicating
that the whole YBCO layer and buffer layers were removed.
Cross sectional SEM was performed to estimate the initial YBCO thickness of YBCO
films. Figure 21 (a), (b) and (c) show the cross sectional SEM images of samples 1, 2 and
3 respectively. Due to the difficulty of analyzing cross-sectional SEM, the samples were
tilted at an angle to view the thickness of the YBCO layer. Since angle resolved SEM
was performed, the error in thickness measurement is estimated to be ±0.1 µm.
For samples 1 and 2, the thickness varied between 1.4-1.6 µm. The average thickness was
assumed as 1.5 µm. However, for sample 3, the thickness varied between 0.8-1.6µm
across the length of the thin film.
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Figure 21. Cross section SEM of (a) Sample 1-YBCO deposited by PLD on IBAD-YSZ, (b) Sample 2YBCO deposited by MOCVD on IBAD-YSZ, (c) Sample 3-YBCO deposited by MOD on RABiTS

One noticeable observation is the difference in growth mode of the three samples. Grains
seem to grown vertical to the substrate in sample 1 and sample 2. This is because PLD
and MOCVD are vapor phase (in reactor) processes in which the grain growth is normal
to the substrate. Earlier investigations36 also reported a similar type of growth pattern in
PLD and MOCVD deposited films. They called it a columnar grain growth pattern.
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On the other hand sample 3 was visually porous and the grain growth is in layer-by-layer
fashion and also might be referred as Frank–van der Merwe mode of thin film growth on
substrates67,68, 69 as shown in figure 22.

Figure 22. Frank–van der Merwe mode of thin film growth

This might be because MOD is a liquid phase 2-step process (deposition of precursor
followed by heat treatment for final chemical reaction). Earlier investigators40 have
observed perfectly c-axis oriented grains which are continuously connected all over the
substrate.

From basic physics, etching rate can be calculated from the following equation
Etching rate = initial thickness / total time taken for etching

------------------- (1)

From the above experiment the total time for removal of YBCO layer and the thickness
of the YBCO films of the three samples are known. Using equation (1), the etching rates
were calculated. The etching rate of YBCO deposited by PLD and MOCVD on IBAD–
YSZ was approximately 0.002 µm/sec, while that of YBCO deposited by MOD-TFA on
RABiTS was approximately 0.004-0.006 µm/sec, about 2-3 times faster than the other
two samples. Therefore, samples deposited by MOD have the lowest bonding strength
with the buffer layers and substrate.
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Even though the thickness was same for all the samples, the etching rate was faster for
YBCO deposited by MOD on RABiTS. This is possibly due to two reasons:
(i) Due to the highly porous nature of MOD coating, the percolation of bromine is higher
and the inner layers might have been etched along with the top layers.
(ii) Due to the columnar grain growth pattern in PLD and MOCVD where the grains
grow perpendicular to the substrate in contrast to the layer-by layer growth pattern where
grains grow parallel to the substrate in MOD samples.
3.3.2. DEPTH PROFILING OF MICROSTRUCTURE BY CHEMICAL ETCHING
Present work has focused on microstructural variation with depth by controlled bromine
etching. Based on the results found in section 4.3.1, the total etch time ‘t’ was divided by
14. Each of the three samples was etched using Bromine-ethanol solution for t/14 seconds
for 14 cycles. Etching times were selected to give a thickness change of YBCO film in
the range of 0.08 to 0.12 microns .The samples were thoroughly cleaned using ethanol
based ultra sonic cleaner and dried using compressed air after every etch cycle. SEM
characterization was done to check surface morphology and quantitative chemical
analysis was performed using XPS.
3.3.2.1 PROFILE OF PLD FILMS ON IBAD-YSZ

Figure 23 shows the SEM micrographs of sample 1 taken at different etch times. The
microstructure varies with depth even in the YBCO layer. The composition and chemical
states of the cations of Yttrium, Barium and Copper as observed in the XPS remained
stable for most part of the thickness. From the Table 8, it is clear that there is strong
presence of Y, Ba and Cu and minimal presenceof Zirconium and Ce till the very end
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(640 sec of etching). However, differences in the microstructures were observed with
depth.
The YBCO grains were in a rectangle shape of nearly 0.8 X 0.2 µm initially. The
estimated measurement error is ± 0.1 µm. After 90 seconds of bromine etching the grain
size was approximately 0.6µm X 0.1 µm. Number of pores started opening up and the
grains started to shrink into the pores. With more etching, the pore size started increasing
and after 290 seconds of etching, the average pore size was 1 µm. After 440 sec of
etching, the texture of YBCO layer seemed to be in the form of parallel lines as the film
thickness approached the buffer layer. The buffer layer texture had increasing effect on
the microstructure of YBCO as the interface is reached. The pore size increased to 1.5
µm and the distance between the parallel lines was approximately 3.5 µm.
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Figure 23. Microstructure of IBAD (PLD) at different etch times (a) 20 sec (b) 90 sec (c) 290 sec (d)
440 sec (e) 640 sec

Figure 23(e) shows the micro graph of the substrate/ buffer layer after the YBCO layer
was completely etched off. Surprisingly, the parallel lines suspected to be scratches
observed on the YBCO layer in Figure 23 (d) are not observed anymore. The scratches in
the YBCO layer might be due to higher stress concentration near the interface due to the
handling of long tapes. The microstructurel seems to be dictated by the slab configuration
of the original deposit similar to earlier studies 70.
The initial surface layer had higher concentration of a/b axis grains but as the top layer
was etched off, higher concentration of c-axis grains are seen. The faster removal rate of
a/b axis grains might suggest that they have less adhesion to the matrix than the c-axis
grains. It might also suggest that the Bromine-Ethanol etchant might have attacked the
a/b grain boundaries faster on the first few etching cycles due to their greater surface area
and hence weakened the grain boundaries. With further etching, the etchant might have
penetrated further around the circumference of grains and etched away the a/b axis
grains. The complete removal of a/b axis grains created pores which grew larger with
further etching cycles. However, even after the removal of a/b axis grains, XPS results

49

showed consistency in cationic ratios of Y,Ba,Cu and O even though the chemical
composition changed with depth (table 8).
Table 8. Atomic Concentration of IBAD (PLD) at different etch times with an error bar of ±3%

Atomic Conc% at different etch times
90 sec
290sec 440sec 640sec
Element 20sec
Y 3d
17±0.05 20±0.06 15±0.05 18±0.05 10±0.03
Ba 3d 10±0.03 9±0.03 12±0.04 12±0.04 12±0.04
Cu 2p 10±0.03 10±0.03 7±0.02 8±0.02 4±0.01
O 1s
60±0.18 58±0.17 64±0.19 60±0.18 52±0.16
Zr 3d
0
0
0
0
0
Ce 3d
-------------------19±0.06

3.3.2.2 PROFILE OF MOD FILMS ON RABiTS

Two sets of samples prepared by MOD were received from the same supplier. The
samples were taken from the two extreme ends of the same tape. Figure 24 (a) to (e)
show the depth profiling of micro structure on the first set of samples and Figure 24 (f) to
(j) show the microstructures of second set of samples. The etching rate of YBCO
deposited on RABiTS was faster than YBCO deposited on IBAD-YSZ. Therefore the
etch times were lesser.

On the first set of samples, the whole YBCO layer peeled off after 220 sec of bromine
etching. The pore sizes increased with each etch cycle in the YBCO layer. Pores were
larger and deeper into the samples after every etch cycle but the cationic ratios of
Yttrium, Barium and Copper remained the same as shown in table 9. The pore diameter
increased from 0.3µm to 0.8µm to 1µm to 1.5 µm over the etching period.

The

microstructure seems to be in the form of square pores after 160 sec of etching. Porosity
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may result from cumulative roughening of the growing YBCO surface, which reduces the
mobility of arriving vapor species71. Figure 24e reveals the texture of the underlying
buffer layer/substrate after the YBCO layer was completely removed. The
substrate/buffer layer has a series of fine scratches. The length between parallel scratches
is approximately 2.50µm.

On the other hand, the microstructure of the second sample had scratches on the YBCO
layer itself. With each etch cycle, the width of the scratches increased but the grain size
of YBCO remained the same. In contrast to the first set of samples, second set of samples
had stress scratches from substrate which transferred through the whole of YBCO layer.
However, the etching rate of YBCO layer on second set of samples was same as the first
set of samples. Previous investigators41,49 have observed a similar microstructure on
YBCO deposited by MOD. They also reported that the relatively low Jc values of MOD
samples are mainly caused by the small grain size and porous microstructure. Pores or
poorly connected grain boundaries reduce the effective cross-section of the sample for
current transport 49.
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Figure 24. Microstructure of RABiTS (MOD) at different etch times (a) 20 sec (b) 60 sec (c) 160 sec
(d) 180 sec (e) 200sec on First set of samples (f) 45sec (g) 70sec (h) 160sec (i) 220 sec (j) 240 sec on
second set of samples
Table 9. Atomic Concentration of RABiTS(MOD) at different etch times with an error bar of ±3%

Element At Conc% at different etch times
Surface 60 sec
160sec 180sec 200Sec
Y 3d
11±0.33 11±0.33 10±0.3 7±0.21 4±0.12
Ba 3d
13±0.39 11±0.33 16±0.48 13±0.39 18±0.54
Cu 2p
14±0.42 21±0.63 13±0.39 9±0.27 2±0.06
O 1s
60±1.8 55±1.65 58±1.74 50±1.5 10±0.3
Zr 3d
0
0
0
0
0
Ce 3d
-------------------18±0.54 63±1.89
In summary, two samples have been compared from the two ends of tape. Both the
substrates had scratches from handling. One of them had deeper scratches compared to
the other sample and the scratches propagated to the surface of YBCO. Based on the
observations on first sample, there is a possibility that MOD can conceal the scratches on
the substrate.

3.3.3.3 PROFILE OF MOCVD FILMS ON IBAD-YSZ

Two sets of samples with the same processing conditions were received from the same
supplier. The samples were taken from the two extreme ends of the same tape. Figure 25
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(a) to (e) shows the microstructure of first set of samples and Figure 25 (f) to (i) show the
microstructure of second set of samples. The microstructure is identical for both the
samples.
For the first set of samples, strong Yttrium, Barium, and Copper presence was observed
in XPS even after 540 sec of etching as shown in Table 10. This confirms that the
microstructure was observed in the YBCO layer. But in contrast to the depth profiling
studies of YBCO deposited by PLD and MOD, microstructure of the IBAD sample does
not vary with etching. The microstructure is very consistent throughout the YBCO layer.
But the grain size seems to shrink with every etch. After 640 sec of etching the Cerium
peak started to rise and there was a change in the microstructure. The preferred grain
orientation from the substrate/buffer layer was clearly visible confirming the fact that the
YBCO layer has been completely etched.
For the second set of samples, the microstructure looked very identical to the first set of
samples. For both the samples, after 480-490 sec of etching, the YBCO layer thinned
down and the texture of substrate/buffer layer was faintly visible in between the YBCO
grains.
After 640 sec of etching and 550 sec of etching for first and second samples respectively,
the YBCO was completely removed and the microstructure of substrate was clearly
visible. Both the samples had a similar crack-free bufferlayer/substrate covered with
equiaxed grains due to the texture of IBAD-YSZ. Crack free YBCO layer prevented
percolation of Bromine into the inner layer and etching them off unlike the previous
samples discussed. Other researchers have also reported a crack-free and dense
microstructure on films deposited by MOCVD on IBAD-YSZ 39. However, in this study
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the consistency in microstructure with depth unlike the PLD and MOD samples was quite
surprising. This indicates an added dimension to this MOCVD films. The crack free grain
structure with high ended grain boundaries (which were uniformly etched off without
selective etching) resulted in stable and robust films,
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Figure 25. Microstructure at different etch times for YBCO deposited by MOCVD on IBAD-YSZ
(a)20 sec (b)190 sec (c)390 sec (d)490 sec (e) 640 sec for first set of samples (f)20 sec (g)180sec (h)
360sec (i)480 sec (j) 550Sec for second set of samples
Table 10. Atomic Concentration of IBAD (MOCVD) at different etch times with an error bar of ±3%

At Conc% at different etch times
20sec
190sec
390sec
490sec
Element
Y 3d
18.15±0.54 16.14±0.48 11.04±0.33 11.01±0.33
Ba 3d
9.65±0.29 7.46±0.22 7.56±0.23 7.76±0.23
Cu 2p 15.65±0.47 23.34±0.70 28.73±0.86 26.28±0.79
O 1s
56.21±1.69 53.01±1.59 52.64±1.58 54.9±1.65
Zr 3d
0.35±0.01
0.06±0.0
0.02±0.0
0.04±0.0
Ce 3d
----------------------
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640sec
3.02±0.09
0.98±0.03
4.79±0.14
49.62±1.49
0.49±0.01
41.1±1.23

3.4 CHEMICAL DEPTH PROFILING
Several investigators39,50,51,52 previously reported the presence of Zirconium in the YBCO
layer due to the diffusion of Zirconium from the YSZ into the YBCO layers. Earlier
samples obtained till 200252 had indicated Zirconium diffusion from YSZ layer into the
YBCO film. Figure 26(a) and (b) shows XPS analysis from previous studies on two
samples of YBCO deposited by PLD and MOCVD on RABiTS and IBAD-YSZ
substrates(referred as samples 4 and 5) respectively. Both samples had Zirconium
diffusion into the YBCO layer. For the samples obtained at that time, it was observed that
the extent of Zirconium diffusion is related to the grain boundary density. It was
discussed by Swaminathan et al that the interdiffusion between the buffer layers
adversely effects the Tc and Jc values and hence Zirconium is undesirable in YBCO
layer52.
These results were communicated back to the sample supplier. Since then, extensive
optimization was done and the newer samples have high Jc. Therefore, one of the goals of
this project was to check if the newer samples had an Zirconium diffusion in the YBCO
film.
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(a)

(b)

Figure 26. XPS Analysis of Old samples showing strong Zr 3d peak (a) YBCO/CeO2/YSZ/CeO2/Ni
(RABits Ni) (b)YBCO/CeO2/YSZ/Ni (IBAD YSZ)52

Therefore depth profiling using four different methods was done on the three new
samples to check for the presence of Zirconium. The techniques are as follows:
(i)

Argon ion milling and XPS

(ii)

SIMS depth analysis

(iii)

EDS Analysis

(iv)

Bromine etching and XPS analysis

Due to the extensive time required to analyze all the samples using these techniques, the
elaborated analysis using all four techniques to check the presence of Zirconium was
limited to sample 1. Only Bromine etching and XPS analysis was done on samples 2 and
3.
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3.4.1 DEPTH PROFILING BY ION MILLING AND XPS FOR SAMPLE 1 (YBCO
DEPOSITED BY PLD ON IBAD-YSZ)
A

detailed

XPS

depth

profiling

study

was

performed

on

sample

1

(YBCO/CeO2/YSZ/Inconel). The chemical depth profiling involved bombarding a small
area of 175 microns on the specimen surface with a rastering ion gun and analyzing the
freshly exposed surface after each bombardment. The etching rate was estimated to be
approximately 1nm/min. The outer surface of the YBCO was coated with a tenacious
carbon-containing layer. This is not surprising because this material is prone to
atmospheric contamination and the material was stored and handled repeatedly 51.

This was a very painstaking and systematic study involving approximately 160
etch/analysis cycles and therefore limited to just one sample. From Figure 27 it can be
observed that there is no detectable Zirconium in sample 1. The Zr 3d peak of the sample
at different etch times was compared with a standard Zirconium peak. Absence of
Zirconium even after 1600 minutes of argon sputtering, confirmed that Zirconium from
YSZ has not diffused into the YBCO layer. Figure 28 shows a concentration vs. etch time
plot obtained from XPS analysis which reconfirms the absence of Zirconium in YBCO
layer. Because of the slower sputter rate of 2nm/min in XPS, the Cerium peak does not
appear even after 1600 minutes of sputtering indicating that the YBCO/CeO2 interface
was still not reached. However, it must be noted that the atomic detection limit for XPS
in this type of sample is approximately 3 atomic %. In order to rule out the possibility
that these samples have Zirconium diffusion, the sample from the sample lot was sent for
SIMS analysis which is expected to have much higher atomic sensitivity.
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Figure 27. Spectra showing that there is no Zirconium Diffusion

Figure 28. Concentration Profile of IBAD (PLD)
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3.4.2 SIMS ANALYSIS DATA FOR SAMPLE 1
Detection capability of SIMS is greater than XPS (ppb compared to at%). Therefore, a
portion of sample 1 was sent for SIMS analysis. SIMS analysis was done at Micro
Photonics Inc. located in Irvine, California. The SIMS analysis data is shown in Figure
29. As SIMS analysis is a time consuming process, the etch cycles were divided into
shorter periods. The dark line indicates Zirconium and Yttrium, the gray line indicates
ZrO and the white line indicates Cerium. The initial peak shown in figure 29(a) is an
artifact of the ion detection beam stabilization process. Since Yttrium and Zirconium
were represented by the same dark line, a separate scan was taken for ZrO which is
represented by the gray line. Strong Yttrium peak was seen for the first 275 minutes of
etching. The Cerium peak started to rise after 275 minutes but subsided after 25 minutes
of etching indicating that the CeO2 is reached. ZrO peak started rising simultaneously
with the falling of Ce peak indicating that the YSZ layer has reached. The lack of the
bright line ZrO for the first 325 minutes of sputtering indicates the absence of Zirconium
in the YBCO layer. Hence, SIMS analysis supports XPS analysis and reconfirms that
there is no zirconium diffusion in sample even at smaller detection limits.
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Dark line 89+: Zr, Y
Gray line: 106+: ZrO;
White line: 140+: Ce

375min)

Figure 29. SIMS Analysis showing the intensity vs time graphs for different etching time(0-

3.4.3 ENERGY DISPERSIVE X-RAY SPECTROMETRY ( EDS) OF SAMPLE 1
Focused Ion Beam (FIB) was used to drill a specimen through the entire film on sample
1. A schematic of the sample taken by FIB is shown in figure 30.

Figure 30.Schematic of sample cutting by FIB

EDS was performed on the entire cross section of the specimen. The EDS spectrum for
Sample 1 is shown in Figure 31(b). The substrate has minute ratios of Pt and Cu as shown
in the EDX spectra. After the substrate peak subsided the intensity of Zirconium peak
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increased showing that the scan was in YSZ layer. After the Zirconium peak subsided, a
gradual increase of Y, Ba, Cu, O peaks was observed, indicating that YBCO layer was
reached. The intensity of Zirconium peak gradually decreased as the YBCO layer was
reached. The interface between YSZ-YBCO clearly shows that Ba, Cu and O peaks
started rising only when the Zirconium peak subsided. The top layer above the YBCO
film is cover by a Pt cap and can be seen in the EDX spectra. From the EDX analysis it
can be concluded that there is no detectable Zirconium in the YBCO layer and therefore
reconfirming that there was not any diffusion from YSZ buffer layers to the
superconducting layers. A pictorial representation of the buffer layers, YBCO and the Pt
cap are shown in top of Figure 31.
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Figure 31. (top) Drawing of the Cross section of inner layers analyzed by EDS (bottom)Depth Profile
data using EDS (Courtesy :AFRL)
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3.4.4 DEPTH PROFILING USING BROMINE ETCHING ON SAMPLES 1, 2 AND 3
The previous work done on bromine etching by Chao Wei et al72 has proved that
Bromine does not affect the microstructure or chemical profile of YBCO, but it helps in
etching the YBCO layer off. Therefore sample 1, 2 and 3 were etched off using bromine
ethanol solution for nearly 14 cycles so that there is a thickness difference of nearly 0.1
micron (as the total YBCO thickness is nearly 1.5 microns for all the samples).
The samples were analyzed with XPS after every bromine etch cycle and the atomic
concentrations were plotted as shown in Figure 32. Etch time vs Concentration plots
show that there is no zirconium present until the whole YBCO layer was peeled off. The
raising of the cerium peak confirms that there was not any zirconium diffusion from the
YSZ layer even in the YBCO/CeO2 interface. XPS results show consistency in cationic
ratios even though the chemical composition changed with depth.

The Copper

concentration was lower on the surface and was observed to be increasing with depth for
samples 2 and 3.
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Figure 32. Etch time vs Concentration Graphs for YBCO deposited by (a) PLD on IBAD-YSZ(b)
MOCVD on IBAD-YSZ (c) MOD on RABiTS

Based on the results discussed above, it is believed that, the new samples do not have
Zirconium diffusion into the YBCO layer. In addition, new samples have higher Jc
compared to the old samples. The new sample 1 had a Jc of 1.4 MA/cm2 compared to the
old sample 4 which had a Jc of <<0.1MA/cm2. The new sample 5 had a Jc of 0.65
MA/cm2 compared to the old sample 5 with a Jc of only 0.25 MA/cm2. Even though
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samples 1 and 4 were deposited by PLD and samples 2 and 5 deposited by MOCVD
technique, low Jc values were observed in previous samples due to the presence of
Zirconium diffusion.
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4. CONCLUSION AND FUTURE WORK
A systematic study of Yttrium Barium Copper Oxide (Y1Ba2Cu3O7-x/YBCO) films
prepared by three different techniques was performed. Detailed micro-structural and
chemical analysis was done on each sample and the results discussed in this thesis. These
bring out important aspects about how the properties of films depend on deposition
technique and the buffer layer.
Cross sectional Scanning Electron Microscopy (SEM) and top down SEM was done in
conjunction with chemical etching on YBCO thin films grown by Pulsed Laser
Deposition (PLD), Metal Organic Chemical Vapor Deposition (MOCVD) and Metal
Organic Deposition (MOD).
Cross sectional SEM results showed that PLD and MOCVD thin films grew vertically
because they are vapor phase (in reactor) processes and therefore grain boundaries are
normal to substrate. On the other hand MOD is an ex-situ or liquid step two phase
process where the films tend to crystallize as layers. In addition, chemical etching results
showed that the films grown by MOD had two to three times faster etch rate than films
grown by MOCVD and PLD indicating that MOD films have lower bond strength due to
the porous nature and layer-by-layer grain growth.
Top down SEM revealed that the microstructure of the films grown by PLD closely
follows the grain structure of the underlying bufferlayer/substrate in contrast to the films
grown by MOD and MOCVD. Films by MOCVD were dense without any surface cracks
where as films by PLD had surface cracks in cross hatched pattern since PLD is a quick
deposition method. Even though both PLD and MOCVD thin films were grown on Ion
Beam Assisted – Yttria Stabilized Zirconia (IBAD-YSZ) buffer layer, the microstructures
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looked very different. PLD films have greater a/b axis oriented needle shaped grains
compared to MOCVD. Films grown by MOD on Rolling Assisted Biaxially Textured
Substrates (RABiTS) with YSZ buffer layers had higher porosity due to the escaping of
gases during the heat treatment process in the sample preparation technique.
Depth Profiling of microstructure was done by carefully etching the surface of YBCO
thin film with Bromine + ethanol solution. These studies revealed a varying
microstructure with depth, within the YBCO layer, for films grown by PLD and MOD.
PLD films were packed with a/b-axis grains which were easily etched off resulting in a
porous and varying microstructure through out the depth. On the other hand, due to the
highly porous nature of MOD coating, the percolation of bromine was higher and the
inner layers were etched along with the top layers resulting in an increasing pore size
with depth. In contrast to the two techniques discussed above, films grown by MOCVD
had uniform microstructure throughout the inner layers of the YBCO film which can be
attributed to the crack free, dense micro structure and the grain growth normal to the
surface. X-Ray Photoelectron Spectroscopy (XPS) analysis was done after every etch
cycle to confirm the presence of YBCO.
Chemical depth profiling studies were also done in conjunction with microstructural
depth profiling studies. Four different techniques were used for this study namely ;Ar ion
sputtering in XPS, Secondary Ion Mass Spectroscopy(SIMS), Energy Dispersive X-Ray
Spectrometry( EDS) and Bromine solution etching followed by XPS analysis. Earlier
chemical depth profiling studies done on YBCO films grown by similar deposition
techniques showed that they had a considerable amount of Zirconium diffusion from the
YSZ buffer layer into the YBCO layer. The current study shows no such diffusion of
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buffer layer species into the YBCO film. Also, higher critical current density (Jc) values
were observed in the samples from current study when compared to samples from
previous study and this can be directly attributed to the absence of Zirconium diffusion in
the new samples.
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